This paper presents some additional findings observed during a long-term investigation prompted by the occurrence of Clostridium botulinum toxin in vacuum-packed cheese spread (Meyer and Eddie, 1951) . This singulax occurrence stimulated interest in a research program designed to study the many factors influencing growth and toxin production in cheese spreads experimentally inoculated with spores of C. botulinum types A and B (Wagenaar and Dack, 1958) .
During the course of experiments in which C. botulinum produced toxin in experimental cheese preparations, there was doubt regarding the stability of the toxin during subsequent incubation at 30 C, or during refrigerated storage at 2 to 4 C. The present study was designed to test the stability of toxin under these two storage conditions.
1 Present address: General Mills, Inc., Research Center, Minneapolis, Minn. 2 Present address: Food Research Institute, University of Chicago, Chicago, Ill.
MATERIALS AND METHODS
Cultural methods. Two cultures of type A C. botulinum were employed: strain 62 A from the culture collection of K. F. Meyer, and strain 33 A from W. E. Perkins, National Canners Association, Berkeley, Calif. The methods of preparing spores and maintaining stock cultures were described elsewhere (Grecz, Wagenaar, and Dack, 1959a) .
Cheese preparations. Cheese preparations were made as described by Wagenaar and Dack (1958) from surface-ripened cheeses designated as types I, II, and III. The surface flora of types I and III was composed of yeasts and bacteria; type II was mold-ripened. The experimental cheese preparations differed from commercial cheese spread in that no emulsifier was added, the moisture and salt content were varied to suit the experimental design, and the cheese was inoculated with heatshocked spores of C. botulinum tubed in 30-g portions and stored under anaerobic conditions at 30C.
In general, experimental cheese was prepared as follows. Sufficient water was added to the basic product to yield a favorable moisture content for growth of C. botulinum: 10% to type I, 15% to 1014 on October 23, 2017 by guest http://aem.asm.org/ Downloaded from type II, and 20% to type III. The cheese was heated at 70 C and was thoroughly stirred to obtain a homogeneous mixture. Two 100-g portions were weighed into 400-ml beakers, and the cheese was either pasteurized by heating at 90 C for 10 min, sterilized at 121 C for 10 (Jordan and Burrows, 1945) . Before sealing, 10% CO2 was added to the jar. Samples were removed for toxin and pH analyses after 3, 7, 14, 30, After appropriate periods of incubation at 30 C, the tubes were transferred to a refrigerator, and the samples were analyzed for toxin after 0, 0.5, 1, 2, 3, 4, 5, and 6 years of storage at 2 to 4 C. During the latter part of the storage period an attempt was made to recover viable organisms from the stored cheese samples.
Sterile crude toxin. Supernatant fluid from cultures of C. botulinum 62 A grown in 5% Trypticase (BBL) broth medium was filtered through qualitative grade filter paper to remove suspended solids. The clear broth was then sterilized by filtering through a Seitz filter. A representative portion of the sterile filtrate was titrated for its approximate level of C. botulinum toxin by intraperitoneal injections of appropriate dilutions into white mice. The quantity of filtrate needed to give the cheese the desired initial toxicity was calculated from the results. The cheese preparations were cooled to below 50 C before the toxic filtrate was added. The cheese was incubated at 30 C, and the toxin titer was determined after 0, 3, 7, 14, 30, and 60 days.
Storage conditions. C. botulinum toxin may be destroyed by sunlight under certain conditions, e.g., in the presence of methylene blue (Weil et al., 1957) . All storage in the present experiment was carried out in the dark, however, and no special precautions were taken during normal handling to exclude light.
Toxin assay. Samples were thoroughly triturated in gelatin-phosphate buffer solution composed of 0.2% gelatin, 0.73% NaH2PO4-H20, and 0.37% Na2HPO4, pH 6.8, after autoclaving for 20 min at 121 C (Naylor and Smith, 1946) . The gelatin protein appeared to minimize inactivation of toxin and to reduce nonspecific reactions in mice (Wentzel, Sterne, and Polson, 1950; Boor, Tresselt, and Shantz, 1955) . The quantity of toxin was determined by intraperitoneal injection into duplicate mice of 0.4, 0.5, and 1.0 ml of appropriate dilutions of the sample. The death of any one of the mice indicated a positive reaction when a similarly injected animal was protected with 0.1 ml of homologous antitoxin (Jensen-Salsbery Laboratories, Inc., Kansas City, Mo.). Tests for toxin titers were standardized at fixed levels of 10, 20, 50, and 100 mouse lethal doses (MLD) plus decimal multiples of these levels.
RESULTS
Short-term study. The study of the stability of C. botulinum toxin in soft surface-ripened cheese during storage at 2 to 4 C was prompted by the occasional observation that the toxin titer of some samples stored in a refrigerator appeared to increase in repeat assays. A series of systematic rechecks after storage for 1 to 2 weeks at 2 to 4 C confirmed this observation. The results indicated that the initial toxin titer either remained constant (in the majority of the samples tested) or occasionally increased by a factor of 2.5 to 5 (Table 1 ). In no case was there a decrease in the initial toxin titer. These data suggested that perhaps more samples would show an increase in toxin titer if the storage period were prolonged.
Long-term study. The initial small-scale investigation was followed by long-term storage oi 10,000 20,000 20,000 20,000 10,000 5,000 2,000 200
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131 12,878 15 September 10,000 20,000 20,000 20,000 20,000 20,000 10,000 5,000 toxic cheese samples for 6 years. Periodic assays during storage at 2 to 4 C revealed a two-to fivefold increase in toxin titer within the first 12 months in every one of the cheese samples investigated (Table 2) . Thereafter, the toxin titer remained constant at its peak level for 1.5 to 3.5 years. All samples showed a reduction in toxin titer after 5 years and, to a progressively greater extent, after 6 years of storage at 2 to 4 C. Figure  1 presents the fractional changes in toxin titer during 6 years of storage at 2 to 4 C in type I and III cheeses. Most of the original samples have been used up; the few remaining samples will be tested after 10 years of storage. after reaching the peak titer for this batch of cheese, i.e., 10,000 MLD (Table 3, samples 12,753 and 12,754) . In the parallel experiments 130 and, especially, 131, toxin was more stable at 2 to 4 C as well as at 30 C (Table 3, samples 12,733, 12,870, and 12,878) . The initial increase in toxin titer during storage at 2 to 4 C appeared to be independent of the duration of incubation of the inoculated cheese at 30 C prior to transfer to a refrigerator. Incubation at 30 C of different samlples N-as terminated after 7,14, 30, and 60 days (Fig. 3) . The initial rise in toxin at 2 to 4 C in these samples was by a factor of 2.5, 2.0, 2.0, and 2.5, respectively.
The characteristic behavior of toxin at 2 to 4 C also appeared to be independent from the changes in toxin titer in the original experiment at 30 C from which the sample was derived, i.e., it did not seem to matter whether the original titer was increasing, constant, or declining. This point is illustrated by Fig. 4 , 5, and 6. In Fig. 4 MLD after 60 days. However, after transfer to a refrigerator the toxin in sample 12,870 increased only twofold, i.e., from 1,000 to 2,000 MLD.
In Fig. 5 , sample 12,878 was transferred from 30 C to storage at 2 to 4 C after toxin had reached its peak level. Additional incubation at 30 C would not have resulted in additional toxin production. Yet, on transfer to a refrigerator the effective toxin titer doubled in potency.
Most surprising, perhaps, was sample 12,754 (Fig. 6) in which toxin at 30 C was on the decline, but, after transfer to a refrigerator, the toxin titer doubled again. On the other hand, sample 12,749 was derived from an experiment during which this particular sample showed an unusually high toxin titer, and, again, on transfer to 2-4 C there was a doubling of toxin titer. The indigenous microbial flora or enzymes present in cheese appeared not to play a role in degradation of toxin during storage at 2 to 4 C as may be expected. Toxin showed an average stability in type I cheese in which microorganisms and enzymes were destroyed by autoclaving at 121 C for 10 min prior to experimental inoculation with C. botulinum spores (sample 12,754) compared with cheese which was pasteurized at 90 C for 10 min (Fig. 7) . In type III cheese, there appeared to be no difference between pasteurized (sample 12,785) and sterilized (samples 12,789 and 12,790) samples.
Stability at 30 C of sterile toxin added to cheese. Culture filtrates of C. botulinum 62 A in 5% Trypticase broth, sterilized by filtration through a Seitz filter, were mixed into cheese at a level of approximately 200 MLD of toxin per gram. Of a total of six samples for each type of cheese, three were pasteurized by heating at 90 C for 10 min, prior to addition of toxin. The other three were left unheated to preserve the natural cheese flora.
Assays after 0, 3, 7, 14, 30, and 60 days at 30 C showed that the toxin titer was stable in type I cheese (Table 4) . However, there was a definite decline in types II and III; the decline commenced after 7 to 14 days, and only one-half to one-third of the original toxin remained after 60 days.
There was no easily detectable relationship of pH to toxin stability, although in the case of type III cheese pH 7.1 to 7.3 may have been high enough to contribute to the instability of toxin, since it is known that basic pH leads to deterioration of toxin activity (Spero, 1958 C. botulinum toxin in experimental cheese preparations: sodium chloride, 0.5, 1.0, and 1.5%; locust bean gum (stabilizer), 0.2%; sodium citrate or sodium phosphate emulsifiers, both at 2.5%. Effect of cheese flora. To study the effect of the microbial flora of cheese on C. botulinum toxin, 12 tubes of 5% Trypticase broth were supplemented with sterile toxic broth at a level of 1,000 MLD per ml. Six tubes were inoculated with a small block cut directly from the surface of type III cheese. These tubes developed heavy turbidity overnight. The other six tubes were not inoculated. Both groups showed considerable decline in toxin titer during incubation at 30 C for 60 days (Fig. 8) . The toxin appeared not to be attacked by the actively growing microorganisms; on the contrary, the organisms appeared to offer some protection against toxin degradation.
Recovery of viable organisms from cheese stored at 2 to 4 C. Initial attempts at recovery of viable organisms from type I cheese after 2 and 3 years of storage at 2 to 4 C failed because of surprisingly strong growth-inhibitory activity of aged surface-ripened cheese to C. botulinum. All type I cheese samples received initially a low spore inoculum (100 spores per gram).
In general, there appeared to be no increase in a The amount of cheese added to recovery tubes at the 1:10 dilution level was approximately 5 mg/ml, i.e., 0.1 g of cheese suspended in approximately 20 ml of medium. The original experimental inoculum was 100 spores of C. botulinum 62 A per gram of type I cheese and 100,000 spores per gram of type III cheese. The spores were heated at 85 C for 10 min prior to inoculation. Recovery medium was Wynne's broth (Wynne et al., 1955) . Spores were estimated by use of the MPN method with the statistical tables of Fisher and Yates (1953) ; samples were heated at 85 C for 10 min to destroy vegetative cells and any preformed toxin, and to activate spores for germination. Toxin was estimated by intraperitoneal inoculations of 0.5 ml of the broth culture into white mice; specificity of toxin was checked with type A antitoxin. b These tubes each received 100 newly harvested, heat-shocked spores of C. botulinum 62 A.
Sample was washed three times with distilled water in refrigerated centrifuge to remove inhibitory substance(s) from the cheese.
d At the 1:10 dilution inoculated with washed cheese, specific toxin and typical C. botulinum smell was detected, but no definite growth could be recognized because of the strong turbidity from the added cheese. VOL. 13, 1965 2.1 X 10' 1.8 X 10' 2.0 X 10'5 1.7 X 10'5 4.5 X 10' 1.0 X 10' *All samples were initially inoculated with spores of Clostridium botulinum 62 A heated at 85 C for 10 min to activate spores, and to destroy vegetative cells and any preformed toxin. Therefater, the samples were incubated at 30 C for the indicated number of days, and subsequently stored at 2 to 4 C for 6 years.
t The number of surviving organisms was determined by direct count and MPN methods by use of cheese samples which were triple-washed in distilled water to remove from cheese the inhibitor active against C. botulinum. For spore counts, the samples were heated at 85 C for 10 min; for total counts, no heat was applied.
the initial spore inoculum; there was, however, a pronounced decrease and sometimes complete disappearance of the initial spore inoculum in type I cheese. An exception was found in sample 12,733 in which the number of spores increa-sed from 102 to 3.0 X 10', per gram, i.e., a 3,000-fold increase. In spite of the extensive spore multiplication, the amount of toxin synthesized was relatively low. Sample 12,733 developed 2,000 MLD of toxin as contrasted to 10,000 MLD in some other samples of toxic type I cheese. This observation suggests that nutrient requirements for sporulation and for toxin synthesis seem to be diametrically opposite; i.e., media promoting sporulation seem to depress toxin synthesis and vice versa (Schneider, Grecz, and Anellis, 1963) .
Inhibition of growth and toxin production of C. botulinum in Wynne's broth (Wynne, Schmieding, and Daye, 1955) was noted in all tubes inoculated with 1:10 (and occasionally with 1:100) dilutions of type I cheese. This effect was especially evident with sample 12,733 (Table 5) , which showed no growth of C. botulinum and no toxin in tubes inoculated with 1:10 dilutions of cheese, but developed normal turbidity and toxin at the 10-2 through 10'1 levels where the growthinhibitory activity of cheese was eliminated by dilution of the cheese suspension. 
DISCUSSION
In spite of its scientific and practical importance, there is a remarkable paucity of knowledge concerning the longevity of C. botulinum spores or the stability of C. botulinum toxin in food products. C. botulinum spores survived for 5 and 6 years in cheese, and, in two cases, the number of spores did not decrease after 6 years of storage at 2 to 4 C. This observation is not surprising, since it has been reported that spores survived in canned and hermetically sealed veal for as long as 115 years (Curran, 1952) . Our experiments suggested that the number of spores in cheese may increase, remain relatively constant, or decrease to complete sterility (to a point where they could not be detected by availablemethods).
An important consideration in the recovery of C. botulinum spores from cheese is the development of inhibitory activity in cheese preparations preventing outgrowth of spores at low dilutions. In the present study, washing of spores was used successfully to remove the inhibitor. However, other methods, such as dialysis or subculturing into very large volumes of media, are of potential promise. Growth-inhibitory activity was probably related to the antimicrobial agent(s) of aged cheese which was studied in some detail in our laboratory (Grecz et al., 1959a, b; Hendrick, 1961, 1962) .
C. botulinum toxin was remarkably stable at 2 to 4 C. Toxin stability at 30 C was not as great, although in the present experiments it was not exhaustively tested. In some lots of cheese the toxin titer remained constant for as long as 2 months. Hence, complete deterioration of toxin activity in cheese would have taken a considerably longer time.
Especially interesting was the increase in toxin titer by a factor of two-to fivefold in samples changed from storage at 30 C to storage at 2 to 4 C. It appears that this increase is Lest explained in terms of activation of protoxin in nonproliferating degenerating C. botulinum cells. This conclusion is based on the reports of Bonventre and Kempe (1960a, b) . These authors presented indirect evidence that early cell multiplication in C. botulinum types A and B is characterized by the synthesis of a nontoxic intracellular precursor of the botulinal toxin molecule, termed protoxin. Later, during cell degeneration, the protoxin is converted into active C. botulinum toxin. A similar activation can be achieved with trypsin.
Our results suggest that a certain rather constant proportion of activatable toxin was present in cheese cultures of C. botulinum. Activation took place in all cheese samples, including those which were heated for 10 min at 90 or 121 C prior to the start of the experiment. This severe heating would be expected to destroy all enzymes present in the cheese prior to experimental inoculation with spores. Therefore, the proteolytic enzymes for activation of protoxin in cheese cultures must have developed in the C. botulinum culture itself. Bonventre (1957) reported that proteolytic activity, if continued too long, led to eventual destruction of the toxin. This probably accounted for the gradual deterioration of toxin in cheese during prolonged storage.
The properties of individual batches of cheese were the most important factors in determining the storage stability of spores and toxin of C. botulinum in cheese. This observation could be explained in at least two ways. (i) The properties of individual batches of cheese affected the synthesis of toxin and enzymes by C. botulinum during active growth by providing nutrients, proper pH, salt concentration, etc. (ii) The cheese affected the enzyme action responsible for activation as well as deterioration of toxin after completion of growth by its pH, ionic strength, colloidal absorption of toxin (Greez and Dack, 1963) and enzymes, and other factors. 
